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A new chamber has been developed to study the characteristics of laser ablated 
plumes. This work was motivated by an earlier study in the lab, and the anticipated 
availability of a new high-power short-pulsed laser capability at the Nevada Terawatt 
Facility (NTF). The new chamber configuration offers multiple lines-of-sight to observe the 
laser ablated plume. This additional flexibility will allow a number of different 
spectrometers to gather light from the plume and, eventually, the use of other diagnostics 
such as shadowgraphy. 
The target chamber has been installed, and we have produced plumes using a 
pulsed (5 ns), 50 millijoule Nd:YAG laser operating at 1064 nm to ablate material from a 
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  Chapter 1 
1   Introduction 
1.1   Motives  
Designing a better and more efficient experimental system from older systems to 
collect relevant data of laser-matter interaction is a primary motivation for this work.  
Intense laser beams can deliver sufficient energy to the surface of a solid to release 
material from the surface [7]. This ablated material is often referred to as a laser-ablated 
plume. The processes associated with this material ablation are the subject of intense study 
across a wide range of energy regimes. A deeper and more complete understanding of the 
dominant processes is significant for many applied and theoretical areas in engineering 
and science, from pulsed laser deposition to the quest for inertial confinement fusion.  
The purpose of the experimental development described in this work is to study the 
time- and spatial-evolution of carbon plumes to gain a better understanding of the 
intermediate steps of the solid-to-plasma transition at low intensity during the creation of a 
plasma plume.  Similar research has been done before at the University of Nevada, Reno by 
David Patrick Atherton who worked on a master's thesis under the direction of Dr. Tim 
Darling [7]. The goal of this project is to add significant spectroscopic flexibility to the 
experiment by the provision of more lines-of-sight to the laser-ablated plume. 
 Laser-matter interaction at the nanosecond pulse range is not fully understood [1]. 
The better we understand the transition between different states of matter during the 
interaction, the better the manipulation of matter would be in the future. Solid carbon thin 





greatly; diamond and graphite are exactly the same material but arranged internally 
differently [6]. It is conventional to name carbon by different names depending on the 
atomic structure. For instance, a sheet or single layer of graphite material is called 
grapheme. However, a graphene sheet rolled up in a cylindrical shape is called a nanotube: 
folding a sheet of paper is analogous to rolling the graphene sheet. Graphite’s structure is 
similar to flat chicken wire structures stacked on top of each other; multiple layers of 
graphene make graphite. The “chicken-wire” structure of graphite is described by the 
Bravais Hexagonal lattice [6]. The graphite unit cell has the simple hexagonal structure.   
Graphene, an allotrope of carbon, is the strongest material known but also a very 
light material. Because of these mechanical properties, and more recently its electrical 
conductivity it has become an interesting material in the field of high-efficiency solar cells. 
Further, the Nobel Prize in Physics (2010) was awarded to Andre Geim, and Konstantin 
Novoselov, both faculty members at the University of Manchester, U.K., for their work on 
experimental techniques that involve two dimensional graphene [4]. The more we study 
carbon using a variety of experimental techniques, the more likely we are to find new and 





1.2   Low-power and high-power lasers 
 
Figure 1: Picture of the MiniliteTM II laser (50 mJ, 3-6 ns, 1064 nm) mounted on the optical 
table. A two-lens beam-expander is located just to the light of the laser.  
In this experiment we use a pulsed laser to deposit energy in a target of certain 
material. Lasers are described in terms of how much energy is delivered to the target by 
each pulse, the duration of the laser pulse, the cross-sectional area of the pulse at the 
target, and how often a pulse hits the target. A simple analogy would be that of a 
professional boxer hitting a punching bag steadily; how hard he is punching and how often 
he punches are crucial elements. The power, pulse width, and cost of lasers vary greatly. 
Hence, choosing the right laser is important for the type of experiment. In this prototype 
experiment we are using a MiniliteTM II Q-switched Nd:YAG laser manufactured by 
Continuum. This laser, shown in figure 1, is relatively inexpensive and compact.  
High power lasers are used more often than low power lasers for laser ablation and 
plasma creation. The experimental set up described in this thesis is designed to be used in 
experiments with a more powerful short pulsed laser. At high laser intensity interaction the 





time that it would not be unreasonable to ignore the intermediate steps in those fast 
processes. Solid targets could be analyzed after the irradiance interaction, and it could be 
visibly observed that melting does not occur [5]. One possible explanation for the absence 
of the melting material is that the solid to liquid transition never occurs, at least not in the 
conventional sense. However, we decided to use a low power laser because the 
intermediate steps of the matter ablation are not well understood at the nanosecond pulse 
range [1]. The low power laser would exacerbate the state of matter transitions more so by 
delivering less energy to the sample than the high power laser. 
 These intermediate states are often avoided because during the creation of plasma 
many complex interactions take place. For instance, during the beam interaction, fragments 
of the solid would be in one state while other fragments would be in other states. Those 
fragments could be in the solid state, the liquid state, the plasma and the gas state.  A 
similar analogy would be if one puts a frozen solid soup in a plastic container in the 
microwave and heats it for a minute or so, some parts would be in the liquid state while the 
rest would still be in the frozen solid. We should not forget about the gas state, too. There 
would be condensed water droplets on the surface of the container. Those mixtures of 
states of matter of the target adds significantly complexity to the intermediate steps in the 
plume formation.  
1.3    Definitions and terminology 
Bravais Lattices: Simplest types of lattices such as the square, rectangular, hexagonal, etc.  
Graphene: A single layer, one atom thick of two dimensional carbon atoms arranged in a 
honeycomb or hexagonal lattice 





Hexagonal Lattice: The hexagonal lattice is invariant under reflections about the x and y 
axes as well as with respect to 60 degrees 
Lattice: Symmetric arrangement of atoms in a solid 
 Meghnad Saha: An Indian astrophysicist who developed the Saha equation  






   Chapter 2 
2   Literature Review 
2.1   Laser-matter interaction 
High power lasers (ruby lasers) became accessible in the 1960s [9]. This 
development was the “spark” that ignited theoretical and experimental studies of laser-
matter interaction [5]. By 1975 many important advances had been made such as the 
reliability of the high average power [5]. Laser-matter interactions are of interest because 
the material is exposed to high energy and unusual environments, forcing the material to 
behave accordingly. The underlying premise of hitting the material with an incoming laser 
beam is to have an interaction between the laser energy and the surface of the material. 
Targets such as solid metal could be irradiated with laser beams to create plasma in an 
ambient gas [5]. The chamber could be filled with noble gases such as neon or argon; they 
are commonly used due to their non-reactive properties. The ablated material behaves 
differently in vacuum than in a chamber filled with a noble gas at ambient pressure. In 
noble gasses, the ablation plume behaves more like a fluid dynamics problem. On the other 
hand, in a vacuum the plume has ballistic behaviors; common vacuum pressure conditions 
are less than 1x10-6 torr for these types of experiments. 
Laser-matter interaction is of interest in industry because lasers provide the means 
to modify and manipulate matter. Since the late 1980s the number and variety of industrial 
applications of lasers have grown significantly. Industries that need to form or modify 
materials take the most advantage of laser-matter interactions. Lasers are used routinely 





working because these materials absorb enough laser energy to modify the material by 
evaporation and ablation. The laser intensity required depends on the specific application. 
However, for the uses mentioned above, the intensity needed is usually about 105 to 108 
W/cm2 [5]. In recent years, laser-science has continued to develop, leading to more 
reliable, shorter-pulse, and higher power lasers. These developments provide the 
opportunity for new and novel laser applications [5].  
2.2   Nanosecond regime ablation 
The entire process of nanosecond ablation is not fully understood by the physics 
community. However, certain features at the moment of interaction are often identified. 
Pathak and Chandy acknowledge four major features: 
1.- Absorption of laser light by excitation of electronic or vibrational modes that 
leads to heating.  
2.- Emission of photoelectrons, ions, atoms, molecules, or even clusters into an 
incipient plume.  
3.- Plume expansion, and.  
4.-Shielding of next laser beam by prior plumes [1, p.1].  
At high ionization degrees the shielding of the next laser beam occurs by the ionized plume.  
  At low intensities, irradiation of the solid surface first causes the material to heat up 
by absorbing the laser energy, then the solid material starts to melt the solid, then 
vaporizes the material, and finally the plume is ejected [5].  
Before ablation, an electron density builds up by thermionic emission However, the 
absorption and reflection of the beam could be affected by impurities on the surface, and 





target by inverse Bremsstrahlung [5]. There have been numerous theoretical approaches to 
the inverse Bremsstrahlung but few numerical methods developed [8]. The inverse 
Bremsstrahlung is important because it presents a way to understand the energy absorbed 
by matter due to the incoming photon energies. One main difficulty is the huge number of 
photons arriving from the laser onto the target, and those photons have to be included in 
the Bremsstrahlung theories.  
2.2   Plume Outcome   
The laser matter interaction could lead to the ionization of material as long as the 
ionization threshold of the material is surpassed. The ablation material coming normal 
from the surface in the form of a blob is referred to as a plume. Analyzing and 
characterizing the plume is very important because we obtain information about the laser-
matter interaction by analyzing such plumes. There are a number of ways that plumes 
could be analyzed. Common methods include the motion dynamics analysis of the plume, 
shadowgraphy techniques, as well as intensity and ionization distribution analyses.  
In this work we are interested in analyzing the temporally and spatially resolved 
spectroscopy and imaging of the plume. That is, how does the physical shape of the plume 
change over time. The time evolution is important because it tells us how the plume 
changes with time as it moves away from the surface. Ionization charge states of the 
ablated material are related to temperature, and at low temperatures ionization could be 
negligible. At high temperatures, ionization is relevant, and the conductivity of the plume is 
affected by such ionization. The plume is always ejected normal to the targeted surface. 
 The plume ionization charge states can be model in different ways. For instance, 





the Saha equation [1], under the assumed condition of thermal equilibrium. In this case the 
thermal equilibrium refers to the equal rates of the recombination and ionization [1]. The 
electrical conductivity for the ionized plume for single stage ionization, as well as the 
electron-ion collisions can be analyzed. The ion distribution is commonly analyzed by an 
electrostatic analyzer (time of flight detector) [2]. The kinetic energy for electrons using a 
100 femtosecond pulse laser in the 10^14 to 10^16 watts per square centimeter would be 
between 100 eV to 20 keV [2]. VanRompay, Nantel, and Pronko found that the quality of the 
films produced in the interaction is affected by the energy and the charge state of the 
carbon ion [2]. Lower ionization energies are related to better quality thin films; ionization 








3   Experimental Methods 
3.1   Equipment and design 
Overview 
 The experiment is located in a laboratory at the Nevada Terawatt Facility (NTF), 
about 11 miles from the main University of Nevada, Reno campus. The experiment  design 
benefited from Atherton’s previous work [7]. Some of the existing equipment, such as the 
MiniliteTM laser, the visible spectrometer and the intensified (iCCD) camera  were used in 
this study. The new system was built to facilitate the use of multiple spectrometers to 
collect light from the plume simultaneously. A main goal is to produce and observe plumes 
produced using a new high-power, femto-second pulsed laser and the new experimental 
apparatus. However, the primary goal of this project is the preparation and installation of a 
new stainless-steel chamber purchased from Kurt J. Lesker. The SP1800SEP chamber is 18 
inches in diameter and has eight 2.75 inch, four 4.50 inch, one 6.00 inch, and six 8.00 inch 
conflat flanges. The ports are arranged around the outside of the chamber as shown in 
figure 2. 
 







 The chamber can be pumped down using a mechanical roughing pump and a turbo pump 
to an ultimate pressure of better than 1x10-6 torr.   
MiniliteTM Laser 
A Continuum Q-switched MiniliteTM milijoule Nd:YAG laser was used to produce the 
laser-ablated plumes in this study. The laser is shown in figure 1 in section 1.2. The laser 
offers harmonic generators capable of delivering 1064 nm, 532 nm, 355 nm and 266 nm 
harmonics. The output power varies depending on the wavelength; the laser has an 
approximate range of 4 mJ to about 50 mJ, with 6 ns pulse width. The laser beam diameter 
is 3 mm, and the angular divergence is less than 3 mrad. For this study we used the 1064 
nm output.  
Set up  
 A photograph of the laboratory and the experimental set up is shown with labels in 
figure 3: (1) metal chamber, (2) spectrometer, (3) iCCD and (4) lasers. A Schematic diagram 






Figure 3: Experimental set up on an optical table with number labels on the main 
equipment.  
 The primary components of the apparatus are enumerated. Into the following four 
components are: 
 laser pulse delivery to the target 
 laser-ablation and plume production in the target chamber 
 delivery of the plume emission to the entrance slit of the spectrometer 
 Spectral analysis by the spectrometer and spectral image delivery to the focal plane 






Figure 4: Schematic diagram of the laser light path.   
Step number 4: The laser beam is created in the cavity of the laser and exits the 
aperture of the laser. The 3mm-diameter laser beam passes through a negative lens (f= -20 
cm). The beam is allowed to diverge until it has a diameter of just less than 40 cm. at which 
point it is collimated by a converging lens. These two lenses act as a beam-expander. Next 
the vertical position of the beam is raised to the target position using a periscope 
constructed with two surface silvered mirrors.  This collimated horizontal beam  is directed 
to the target located approximately at the center of the chamber.  
Step number 1: Before entering the chamber the laser beam passes through a 
converging lens used to provide optimal focus of the incident laser pulse on target. The 
process of finding the optimal focus and therefore maximum on-target intensity will be 
discussed later. Then the beam enters the vacuum chamber through a vacuum compatible 
optical window and hits the sample target, which is approximately located at the center of 





100% transmittance but for our set up we expect a transmittance higher than 95% for 
infrared wavelengths close to 1000 nm. An energy measurement is performed right before 
the beam hits the target to determine the energy of the incoming beam after passing 
through the window, hence taking into account the reflection and absorption of the 
window.  
Step number 2: The plume is created and is ejected normal to the plane of the target 
surface. In this context, plume is defined as a shape resembling a feather. The observed 
light from the laser-ablation plume is a feather like shape. Light from the plume is 
represented in figure 5, as a cone of light coming from the center of the chamber. The cone 
represents the collection solid angle subtended by a converging lens whose focal point is 
located at the target. The actual shape of the plume will be discussed in chapter 4.  
 
Figure 5: A 3-dimentional representation of the18 inch 304 stainless steel chamber. The 
Chamber has many transparent windows varying in size. The box on the right hand side 
represents the mini lite laser; the beam travels from the right side into the chamber hitting 
a target located at the very center of the chamber. The cone coming out of the picture is 






Step number 3: After passing though the converging lens, the collimated beam of 
light emitted by the plume is directed towards the visible spectrometer and the iCCD 
camera. If we want a plume emission spectrum, the light is analyzed by the spectrometer 
and then the same light emissions enter into the iCCD camera which is positioned at the 
spectrometer exit plane. If we want a plume image, the light is sent directly to the iCCD 
camera. The iCCD camera is mounted on an optical rail that allows us to decouple the 
camera from the spectrometer and move the camera to the image processing position. This 
arrangement minimizes the effort required to realign the camera.  
Laser Power Measurements 
We used an energy meter of the brand "Gentec: maestro" to measure the energy of 
the beam. Analysis of one hundred beam pulses showed that the average energy of the 
beam hitting the target is 33.4 + or – 1 mJ. We measured the beam diameter to be 
approximately 1.3 mm. The laser pulse is about 5 nanometers. With this information we 
calculated the fluence, power, and intensity. 
        
      
    
                 
      
      
    
                
          
      
         
                          
 
Gating the Laser Pulse and iCCD Camera 
To observe the behavior of the plume as a function of time, a gating system was 





the carbon target. To achieve this, the chronology of the laser and iCCD camera trigger 
pulses is critical.  
The laser flashlamp trigger pulse initiates the energizing of the flashlamp as shown 
in figure 6. After a Q- -switch pulse is 
generated. The laser pulse leaves the laser approximately 60 ns following the generation of 
the Q-switch pulse. The Q-switch pulse is sent to the iCCD camera control and is used as 
trigger pulse. Initially, the laser-to-target, and target-to-iCCD camera distances were used 
to calculate the time delay between the laser pulse leaving the laser, and the plume 
emission to reach the camera. A software delay in the iCCD camera control was then varied 
to define “zero-time”. To view the ablation plume as a function of time, the value of the 
software delay is increased by the required amount. 
 
Figure 6: Laser pulse train is shown in this figure, as well as the Q-switch pulse, the 







4   Results and Conclusion 
4.1   Plume evolution 
 To examine the ablation plume following the arrival of the laser pulse, we observe 
how the plume evolves spatially and temporally. The gating system described in chapter 3 
allows us to take images at well defined times after the arrival of the laser pulse. The gating 
system allows a study of the temporal evolution of the plume. The plume images provide 
spatial information about the intensity distribution of the light emitted from the plume. 
Plume evolution at atmospheric pressure  
The plume evolution at atmospheric pressure could be observed in the figures 7, 8 
and 9. At zero delay time as shown in figure 7, the plume is small with a high intensity at 
the center. The intensity is represented by different colors. The yellow color is the brightest 






Figure 7: Plume image at zero delay time (atmospheric pressure). 
The intensity of the plume expands outwardly as time goes on, as shown in figure 8. Hence 
the intensity difference between the center and the nearby surroundings are not as 
prominent as they are in figure 7.  
 
Figure 8: Plume at 5 microsecond delay time (atmospheric pressure). 
The light keeps scattering in figure 9l; an image of the plume with 30 microsecond delay 





heat convection cools the target spot, ending with the eradication of the plume. That is, the 
plume losses heat to the environment and the plume cools down and dies.  
 
Figure 9: Plume at 30 microsecond delay time (atmospheric pressure). 
Plume evolution under vacuum 
 The plume evolution in a chamber in vacuum behaves differently than the plume in 
atmospheric pressure because there is a much lower quantity of air molecules in the 
vacuum conditions of the chamber. Plume at zero delay time in figure 10 shows a ballistic 







Figure 10: Plume creation at zero delay time (vacuum).  
The plume at 0.4 microseconds delay time depicts a more prominent reflection spot on the 
top left of the picture. The spot could be caused by some reflection of the target holder. The 
spot brightness is important because it might be interference with the colors of the 
pictures, since each picture is normalized with respect to itself.  
 





The plume dies at about 1 microsecond, and in figure 12, the plume intensity is shown at 
0.8 microseconds, right before the light intensity disappears. The short life time of the 
plume is much more prominent in vacuum.   
 
Figure 12: Plume evolution at 0.8 microseconds (vacuum). 
 There are significant differences between the plume evolution at ambient pressures 
and under vacuum conditions. In vacuum, the nature of the plume is intrinsically ballistic. 
This is due to the fact that that there are very few gas atoms and molecules to interact with 
the plume as it moves away from the carbon surface. The air molecules cause the ablated 
material to scatter to the sides more than under vacuum. In atmospheric pressure, the 
plume lives for about 50 microseconds, but in vacuum it lives only for about 1 microsecond. 
We see that the plume images have another bright spots that are not part of the plume. We 
believe that these spots were caused by an unexpected reflection of the target holder. This 
artifact will be explored in more detail to confirm this explanation. The physical size of the 
plume is in the micrometer range, but until we perform a spatial calibration it is not 
possible to measure the size. The intensity range is depicted in the pictures by the 





blue to black being the dimmest. Again, an intensity calibration will be performed so that a 
true comparison of the emission intensities can be made. 
4.2   Conclusions 
 The system that was developed provides a more flexible and efficient way to capture 
data from ablated plumes. The system is currently limited to low power lasers. However, 
the system has the potential to be adapted for utilizing a high power laser. We took good 
care of the system to ensure successful production of plumes. For instance, we took 
extreme care cleaning by using an ultrasound bath cleaner on some of the metals that were 
put inside the chamber because the oil or residues on the surfaces of those metals could 
limited the turbo pump capabilities. 
 The observation of ablated plumes from the carbon target confirms that the new 
system presented in this work is currently working well. It demonstrates that this system 
has the potential of gathering information in a more effective manner than the previous 
system. The vacuum system is working properly because the ablated plume images show a 
ballistic nature dynamics intrinsic of laser ablation. The plume intensity profiles show that 
the iCCD (fast) camera is working normally. The spectrometer shown in figure 3, will be 
added to the system, and instead of sending the beam directly to the iCCD camera, the 
camera will be connected to the visible spectrometer to allow spectral analysis of the 
photons emitted by the plume. This spectral data will provide additional information about 
the laser matter interaction.  
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